Glasshouse and field experiments were conducted in 1993 at the International Livestock Research Institute (ILRI) in Addis Ababa to identify effective combinations of Trifolium semipilosum genotypes and Rhizobium leguminosarum bv. trifolii strains and to investigate the effects of waterlogging of Vertisols on the response of clover to inoculation. In the glasshouse, the Rhizobium strain ILCA372str produced nearly ten times as much nodule DM, three times as much shoot DM, five times as much root DM, and twice as much plant N on cv. Safari as it did on accession ILCA7609 under normal watering conditions. This spontaneous streptomycin-resistant mutant strain performed better than its parent strain. Shoot DM and N yields of this combination were, however, only 55 and 71 %, respectively, of the corresponding N-fertilizer (150 kg N ha −" ) treatment. Waterlogging reduced nodule DM by 33 %, shoot DM by 41 %, root DM by 25 % and N yield by 33 %, and responses of both plant genotypes to inoculation and to N fertilizer were reduced. In the field, there were no significant differences in nodulation, plant DM and plant N between seed and soil inoculation methods. Dry matter and N yields of Safari inoculated with strain ILCA372str were at least twice as high as those produced by any other strain or N fertilizer supplied at 100 kg N ha −" . Waterlogging during early establishment in the field probably reduced the availability of N fertilizer to the plants. Further field testing of the Safari-ILCA372str combination is recommended, particularly in combination with broad-bed and furrow (BBF) technology to drain Vertisols.
INTRODUCTION
Trifolium species have been recognized for their potential to increase the quantity and quality of livestock feed resources in the East African highlands. Use of Rhizobium inoculation technology to increase clover productivity requires that effective combinations of Rhizobium strains and clover genotypes be identified. Lupwayi et al. (1997) screened 20 strains of Rhizobium for effectiveness on two perennial clover genotypes and found no particularly outstanding combination. Low nodule occupancies by inoculant strains was a major limiting factor. This paper reports the results of further strain and genotype screening, which included a commercial cultivar of T. semipilosum.
Vertisols represent 24 % of the cropped highland soils of Ethiopia (Jutzi & Abebe 1987) . These clay soils with poor internal drainage experience prolonged waterlogging during the rainy (growing) season. Waterlogging is known to reduce both nodule formation and nodule activity in legumes (Sung 1993) . Whereas the effects of low soil moisture on clover growth have been studied in the Ethiopian highland Vertisols (Friedericks et al. 1991) , the effect of excess moisture in these soils on nitrogen fixation potential has not been reported. We investigated the effects of waterlogging on the response of T. semipilosum to inoculation.
MATERIALS AND METHODS

Rhizobia and plant seed
Eight strains of Rhizobium leguminosarum biovar trifolii were used in these experiments : ILCA120, ILCA372, ILCA406, ILCA108str1, ILCA120str, ILCA303str1, ILCA372str and ILCA406str. All strains were originally isolated from T. semipilosum ; details are reported elsewhere (Lupwayi et al. 1997) . The strains designated ' str ' were spontaneous mutants resistant to 400 µg streptomycin ml −" . All inoculants were prepared in sterile peat.
Seeds of Trifolium semipilosum commercial cultivar Safari and accession ILCA7609 were obtained from the Gene Bank of the International Livestock Research Institute (ILRI) (formerly the International Livestock Centre for Africa (ILCA)).
Strain by cultivar interaction and effect of waterlogging
The treatments in this experiment consisted of two watering regimes (normal watering and flooding to produce waterlogging), two accessions of T. semipilosum (cv. Safari and accession ILCA7609), and eight inoculation treatments, i.e. six Rhizobium strains plus an uninoculated control and an N-fertilized control. The strains were ILCA120, ILCA372, ILCA406 and their respective streptomycin-resistant mutants ILCA120str, ILCA372str and ILCA406str. These treatments, which were replicated three times, were arranged in a split-plot, randomized complete block design. The main plots were watering regimes and the subplots consisted of all clover genotype by Rhizobium strain combinations. Clover seeds were surface-sterilized with 7 % (v\v) calcium hypochlorite and pre-germinated in the laboratory before being planted (Lupwayi & Haque 1994) . They were planted in pots filled with 1 kg of Vertisol soil sampled from the ILRI Headquarters research farm in Addis Ababa. This soil was Pdeficient (1 µg P g −" ) with pH 6n0. Phosphorus was applied as triple superphosphate at 25 µg P g −" soil in all pots. Each seedling was inoculated at planting time by dripping 1 ml of peat inoculant suspension containing 1i10& cells ml −" onto the radicle. Nitrogen in the N-fertilized treatments was applied as urea at an equivalent rate of 150 kg N ha −" , which was applied as 30 kg N ha −" per week for each of the first 5 weeks after planting. The plants were grown in a glasshouse with day\night temperatures of 21-25\13-17 mC. Plants were harvested 10 weeks after planting. The plants were cut at soil level ; shoots were dried at 70 mC for 48 h and weighed. Roots and nodules were recovered by washing the soil and roots through a sieve. The nodules were then detached from the roots ; roots and nodules were dried separately at 70 mC for 48 h and weighed. Shoot and root samples were ground and analysed for total N content following Kjeldahl digestion (Tadesse et al. 1991) .
The data were analysed according to the split-plot design of the experiment and by watering regime, using - statistical software (Michigan State University 1988).
Strain effectiveness in the field
A field experiment was conducted on the same Vertisol at the ILRI Headquarters research farm. Five Rhizobium strains (ILCA108str1, ILCA120str, ILCA303str1, ILCA372str and ILCA406str) were either seed-inoculated or soil-inoculated to T. semipilosum cv. Safari. Uninoculated and N-fertilized controls were included. A split-plot design, replicated three times, was adopted, with the two inoculation procedures as main-plot treatments and the five strains and two controls (i.e. seven treatments) as subplot treatments. However, nodule occupancy by inoculant rhizobia was determined only in the five treatments that were inoculated.
Seeds were sown on 5 June 1993, at the rate of 10 kg ha −" in rows 20 cm apart. The plots were 2i1 m. Ditches 0n4 m wide were dug around each plot to drain excess water. Plants were inoculated to supply 1i10& colony-forming units (cfu) of rhizobia per seed. This rate required c 0n05 g inoculant per gram of seed (seed inoculation) or 0n01 g inoculant per metre of row (soil inoculation), but the exact amounts varied with the number of viable rhizobia per gram of inoculant of each strain. Seeds were inoculated with the aid of sucrose solution (10 % w\v in water) as sticker immediately before sowing. For soil treatment, the inoculant was suspended in water and dispensed in the rows at the rate of 100 ml of suspension per metre of row immediately before sowing. Phosphorus was supplied to all plots as triple superphosphate at 30 kg P ha −" at planting time. Nitrogen in the N-fertilized plots was applied as urea at 100 kg N ha −" at planting time.
The plants were harvested at 50 % flowering on 3 November 1993. Plants from 0n5i0n5 m plots were cut at soil level to separate shoots from roots. Roots were excavated and nodules detached. Shoots, roots and nodules were then processed in the same way as glasshouse plants. Nodule occupancy in inoculated plants was evaluated by streaking nodule isolates on to streptomycin-enriched yeast extract mannitol agar (YEMA) (Kuykendall 1987) . Rainfall and temperature data were recorded (Fig. 1) .
The data were statistically analysed both as a splitplot experiment and as a randomized complete block experiment for each method of inoculation. - computer software was used for the analysis (Michigan State University 1988).
RESULTS
Strain by cultivar interaction and effect of waterlogging
Nodule dry matter Under both watering regimes, accession ILCA7609 uninoculated, or inoculated with strains ILCA120 and ILCA406, had greater nodule DM than corresponding treatments for cultivar Safari (Fig. 2) . However, Safari responded more to inoculation with strains ILCA372 and ILCA372str. Safari plants inoculated with strain ILCA372str produced nearly ten times the nodule DM produced by ILCA7609 inoculated with the same strain under normal watering. None of the tested strains increased nodule DM on ILCA7609 over the uninoculated control ; the streptomycin-resistant mutant strains produced significantly less nodule DM than uninoculated controls under both watering regimes. For Safari, strains ILCA372 and ILCA372str significantly increased nodulation over the uninoculated control from twoto six-fold under both watering regimes. Overall, waterlogging reduced nodulation by 33 %, mainly through reduction in the response of ILCA7609 to strains ILCA120 and ILCA406 and Safari to ILCA372str and N fertilizer.
Shoot and root dry matter
Under normal watering conditions, inoculation with ILCA372str significantly increased both shoot and root DM of Safari over the control and compared to accession ILCA7609, but the response was significantly less than that observed for the N fertilizer treatment (Fig. 3) .
Waterlogging depressed all shoot and root yields, although shoot DM of Safari inoculated with ILCA372str was greater than the uninoculated control, and both root and shoot DM were higher under N fertilization. Cultivar differences in response to N fertilizer under normal watering were not observed in the waterlogged treatment. Waterlogging reduced shoot and root DM by 41 and 25 %, respectively.
Nitrogen yield
Under normal watering, N accumulation in Safari inoculated with ILCA372str was significantly enhanced over the uninoculated control and compared to ILCA7609 plants inoculated with the same strain (Fig. 4) . No significant differences in N accumulation between the genotypes were detected in waterlogged soil. Accumulation of N by plants was reduced by 33 % due to waterlogging, the most affected being responses to strain ILCA372str and N fertilizer in both genotypes.
Strain effectiveness in the field
There were no significant differences between inoculation methods in nodule DM of cultivar Safari (Fig. 5) . Uninoculated plants had very low nodule DM. Only plants inoculated with strain ILCA372str showed significantly higher nodule DM yield compared to the uninoculated control. Nodule occupancy by inoculant strains was generally 40 % except for the notably low occupancy by ILCA303str1 (Fig. 5) . Although there were no significant differences between inoculation methods in nodule occupancy, there were indications of strain differences in response to the inoculation technique.
Shoot and root DM, shoot and root N yields of cultivar Safari all responded to inoculation, by either method, with strain ILCA372str in the field (Fig. 6) . DM increases ranged from nearly two-fold for roots from soil-inoculated plants to nearly four-fold for shoot DM and shoot N yields following seed inoculation. The response of Safari to inoculation with ILCA372str in the field was significantly higher than both the uninoculated (negative) control and the N-fertilizer (positive) control treatment.
DISCUSSION
Enhanced nodulation and productivity were observed for cv. Safari following inoculation with strain ILCA372str in glasshouse experiments and confirmed in the field. Lupwayi et al. (1997) have reported low (7-15 %) nodule occupancies by inoculant strains and suggested that it was one of the contributing factors to poor response of African clovers to inoculation. In the current glasshouse experiments, it is clear that Safari nodulated less with indigenous rhizobia than accession ILCA7609, providing enhanced potential for some inoculant strains (notably ILCA372 and ILCA372str) to nodulate the plants. Successful nodulation by strain ILCA372str in glasshouse-grown plants resulted in greater shoot and root DM and N yield. This strain was also the most effective in the field although its nodule occupancy was not significantly greater than other strains (except ILCA303-str1). Therefore, a strain with potential for use with Safari, the commercial cultivar of T. semipilosum widely used in the East African highlands and Australia (Date & Roughley 1986 ; Roughley & Date 1986) , has been identified. Further field testing of this strain-cultivar combination is warranted. It was interesting to note that an antibiotic resistant mutant strain was found to be more effective than its parent strain. Resistance to antibiotics has been associated with reduced nodulation, nodule occu- pancy, and symbiotic effectiveness (Pankhurst 1977 ; Bloomfield & Jones 1979 ; Turco et al. 1986 ; Rynne et al. 1991) as well as having no observed effect in the symbiosis (Levin & Montgomery 1974 ; Pankhurst 1977 ; Amager 1981) . Further experimentation to verify this extraordinary combination is required. The ILCA372str mutant may provide an effective vehicle to study some of the genetic, biochemical and physiological factors that affect nitrogen fixation. It may also facilitate ecological studies of the fate of inoculant rhizobia in the soil. Caution should be exercised in interpreting the field response of cultivar Safari to inoculation with strain ILCA372str. Establishment of the plants was poor, as reflected in low DM yields, probably as a consequence of waterlogging from higher than normal rainfall soon after planting in June and in August (Fig. 1) . Nevertheless, poor establishment and early growth of this cultivar have been reported to be problems in Australia (Date & Roughley 1986 ; Roughley & Date 1986) . Since the N fertilizer was applied at planting, the imperfect drainage of Vertisols is likely to have been associated with the significant loss of applied N through denitrification. With less N available for plants in this treatment, growth was poor and the nodulation response to strain ILCA372str was more significant. In the glasshouse, N-fertilized Safari plants produced higher DM and N than all inoculation treatments, including ILCA372str, under normal watering conditions. The superior performance of this strain under waterlogged field conditions, which are prevalent in the highland Vertisols of Ethiopia, is an important observation about its potential.
Waterlogging reduced nodulation by 33 %, shoot DM by 41 %, root DM by 25 % and N yield by 33 %. These results are consistent with observations by Javier (1985) in a pot flooding experiment using T. semipilosum and other species of tropical pasture legumes. Waterlogging creates anaerobic conditions, which encourage reductive processes in the soil, altering the soil chemistry (Ponnamperuma 1972) . Adverse effects of waterlogging on nodule formation and nodule function in other legumes have also been reported (Hong et al. 1977 ; Bisseling et al. 1980 ; Bishnoi & Chrishnamoorthy 1992 ; Sung 1993) . Inhibition of nodule function may be a result of limitation of oxygen flux across the diffusion barrier which balances oxygen inflow with respiratory consumption, decreased synthesis of nitrogenase by bacteroids, or by reduced carbohydrate metabolism of nodule tissue (Sung 1993) .
Waterlogging and its adverse effects can be alleviated by draining Vertisols. Traditionally, farmers in Ethiopia avoid flood damage to their crops by planting later in the second half of the rainy season when the R, R. J. & D, R. A. (1986 
